The National Research Council of Canada (NRC) is currently evaluating and designing artifacts and methods to completely characterize 3-D imaging systems. We have gathered a set of artifacts to form a low-cost portable case and provide a clearly-defined set of procedures for generating characteristic values using these artifacts. In its current version, this case is specifically designed for the characterization of short-range (standoff distance of 1 centimeter to 3 meters) triangulation-based 3-D imaging systems. The case is known as the "NRC Portable Target Case for Short-Range Triangulation-based 3-D Imaging Systems" (NRC-PTC). The artifacts in the case have been carefully chosen for their geometric, thermal, and optical properties. A set of characterization procedures are provided with these artifacts based on procedures either already in use or are based on knowledge acquired from various tests carried out by the NRC. Geometric dimensioning and tolerancing (GD&T), a well-known terminology in the industrial field, was used to define the set of tests. The following parameters of a system are characterized: dimensional properties, form properties, orientation properties, localization properties, profile properties, repeatability, intermediate precision, and reproducibility. A number of tests were performed in a special dimensional metrology laboratory to validate the capability of the NRC-PTC. The NRC-PTC will soon be subjected to reproducibility testing using an intercomparison evaluation to validate its use in different laboratories.
INTRODUCTION
For almost 25 years, 3-D imaging technology has expanded considerably and the number of players in this area is continuing to increase; however, standard procedures for characterization and verification have not kept pace with technological development. The Visual Information Technology (VIT) research group of the National Research Council of Canada (NRC) has already worked for years to develop artifacts and procedures for the characterization of 3-D imaging systems, in addition to developing new 3-D measuring technology, software and data processing algorithms. This paper presents a set of tests to fully characterize the capability of a 3-D imaging system to accurately measure the geometric properties of a given artifact. The approach used to perform these tests consist of scanning calibrated and certified artifacts, with known uncertainty much less than the uncertainty of the system under test (SUT), so that parameters from scanned images can be compared to calibrated values generated using more accurate methods. All the artifacts selected for the characterization toolkit were grouped on the same plate in a target case for portability and carrying purpose, allowing us to present the NRC portable target case (NRC-PTC) for short-range triangulation-based 3-D imaging systems characterization.
To define a set of tests that is practical, simple to perform and easy to understand, we decided to use a terminology that is already well-known in the industrial field. Geometric dimensioning and tolerancing (GD&T) was identified as this universal terminology making it possible to communicate all the geometric information concerning a part in either design stage, manufacturing stage, inspection stage or in the reverse engineering process. Tests proposed for use with the NRC-PTC represent most of the different aspects of GD&T and, thus, make it possible to determine the ability of a 3-D * benjamin.carrier@nrc-cnrc.gc.ca imaging system to measure features on a part or an artifact that can be toleranced. Using a set of tests reflecting the GD&T allows the user to directly link the performance of a system to the measurement they need it to perform. Moreover, it makes it easy for a user to select a 3-D imaging system to suit a given application.
Some of the tests presented in this paper are similar to tests described in the VDI/VDE 2634 Part 2 [17] but are described here in a terminology linked to the GD&T because the nomenclature used here reflects the one used in the GD&T as per ASME Y14.5-2009 [11] . Although this standard is American, it is recognized and used internationally so justifies its use in the context of characterizing 3-D imaging systems. There also exists an ISO standard describing the GD&T and further work will make tests presented here compatible with this standard.
We must note that the characterization of 3-D imaging systems does not consist only of the system's capability to measure geometric properties; to fully characterize a 3-D imaging system, we must also characterize the external frame of reference (EFOR), the mathematic model fidelity used in the fitting calculation, the resolution properties and the optical properties of the surfaces of the objects that the SUT can measure. To this we also add the parameters given by the specifications that the manufacturer provides for the system and the parameters pertaining to the measurement procedure used during the tests. All of the tests define a set of parameters that makes it possible to fully characterize a 3-D imaging system. In this paper, our study focuses on tests based on geometric properties that the system can measure on specific artifacts. The details of all the tests for a full characterization that is include within the NRC-PTC will be part of a longer paper that will be presented in the months to come.
NOMENCLATURE
All the tests presented in this paper are to be used for the characterization and verification of short-range triangulationbased 3-D imaging systems. All systems of this type can be separated in three categories. These categories are very important, especially when comparing systems with each other because some of the tests presented here apply only to specific categories. These categories are: 1) Static 3-D Imaging Systems: These are systems with fixed origin and use no relative movement between the scanner and the measured object to perform the digitization.
2) Single-Axis 3-D Imaging Systems: These systems use only one degree of freedom (DOF) in the motion between the system and the measured object to perform digitization. This motion can either be a translation or a rotation.
3) Multi-Axis 3-D Imaging Systems: For these systems, any type of relative motion can be used between the system and the measured object to perform the digitization. They allow more than one DOF in motion.
Throughout this paper, the nomenclature and symbols presented in Table 1 will be used as the terminology for all the tests presented. 
PARAMETERS TO CHARACTERIZE
To quantify the capabilities of the SUT, several parameters must be studied and analyzed. It is impossible to completely characterize the SUT using a single value because there are many different types of systems, each having their strengths and weaknesses. In order to represent all aspects of the SUT, three major categories of parameters need to be compiled: parameters provided by the manufacturer's specifications, parameters calculated from the procedure being used and parameters obtained from tests using calibrated and certified artifacts, each with a known uncertainty much lower than the uncertainty of the SUT. Figure 1 provides an overall description of all the parameters needed to fully characterize a 3-D imaging system. In this paper, parameters from specifications and those used in the procedure will be presented briefly, but the emphasis will be on the parameters coming from the geometric properties of the artifacts within the proposed target case used for characterization and verification of short-range triangulation-based 3-D imaging systems. The other parameters used to characterize a 3-D imaging system will be the subject of another paper in the future.
CHARACTERIZATION BASED ON SPECIFICATIONS
Many specifications are provided by the system's manufacturer for which there is no possible interpretation. These parameters are usually provided on the specifications data sheet or technical data of the SUT. Figure 1 presents a list of the characterization parameters of a system provided by manufacturer's specifications for which additional testing is not required to define them. This information is used directly in the characterization of the SUT.
CHARACTERIZATION BASED ON PROCEDURE
Some of the parameters to be compiled to completely describe the SUT depend of the measuring procedure used in the characterization. Based on this procedure, three characteristics can be analyzed: measurement repeatability, intermediate measurement precision and measurement reproducibility (see Figure 1 ). These parameters are necessary to determine if the system characteristics are stable and remain valid over time, and how they depend on atmospheric conditions, operator or location of the tests.
Measurement repeatability
According to the VIM [15] , measurement repeatability is defined as measurement precision obtained under a set of repeatability conditions, those conditions involving the same measurement procedure, operator, measuring system, operating conditions, location and object, all within a short time interval. According to this definition, to characterize the repeatability of the SUT, each scan should be performed at least three times in succession, and the parameters of interest are calculated for each scan. The measurement repeatability will then be calculated from the differences among these three repetitions of the parameters of interest for each test that will be performed.
Intermediate measurement precision
According to the VIM [15] , the intermediate measurement precision is defined as measurement precision obtained under a set of intermediate precision conditions, those conditions involve the same measurement procedure, location and object within a longer time interval. For this characteristic, the operator, the system and the operating conditions can vary. In our case, because we want to study the system itself, the system must not be changed during testing. This definition implies that for the characterization of the intermediate measurement precision, all the tests should be performed at least three times, on at least three successive days. If repeatability tests described in Section 5.1 have been performed on first day, then only a single test will need to be performed on the following days. The intermediate measurement precision will be calculated from the difference among those sets of measurements for each test that will be performed.
Measurement reproducibility
According to the VIM [15] , measurement reproducibility is defined as measurement precision obtained under a set of reproducibility conditions, those conditions involving different locations, operators, systems, but with the same object. The reproducibility conditions will be fulfilled by the establishment of an intercomparison protocol that will be used to test the NRC-PTC. This protocol, in addition to providing us with reproducibility information, will allow us to assess the capability of different systems to perform all the tests presented in this paper. From the intercomparison process, it will be possible to perform characterization and verification of all the systems subject to this experiment.
CHARACTERIZATION BASED ON ARTIFACTS -GEOMETRIC PROPERTIES
Most of the parameters that allow us to determine the capability of a system to perform certain types of measurements are obtained by comparing the measurement results to internationally-recognized reference values; however, because we do not have access to an international reference standard, we have to use objects with calibrated and certified properties and with a known uncertainty with a magnitude at least five times smaller than that obtained for the SUT, as recommended in the VDI/VDE 2634 Part 2 [17] . With these known artifacts, it becomes possible to characterize the SUT by comparing the results obtained for an artifact with the corresponding calibrated characteristic value.
There are five properties that will be determined based on a comparison to a known artifact: geometric properties, mathematical model fidelity, EFOR properties, optical properties and resolution properties. In this paper, we discuss only the geometric properties.
The reference values associated with the artifacts are obtained using recognized methods that provide a better accuracy than the SUT. In the case of the geometric properties of the artifacts, each feature will be obtained from measurements performed by a coordinate measuring machine (CMM), which is traceable to national standards by appropriate calibration, giving us the reference values for all the artifacts of the NRC-PTC.
Geometric properties
Since 3-D imaging systems are mostly used in the context of design, manufacturing, inspection or reverse engineering, it is important to know the capability of the SUT to measure features associated with GD&T. Indeed, the terminology used in GD&T is what makes it possible to define an object with respect to its design, manufacturing process and final inspection, and is an internationally-recognized terminology. GD&T as per ASME Y14.5-2009 [11] defines five categories of tolerance that are used to describe an object: dimension, form, orientation, localization and profile.
If we want to know an object completely, we have to know its dimensions, form, localization, orientation and surface profile. Measuring systems must be able to collect this information about an object in order to determine all its characteristics. The measuring system must then be tested to determine if it can adequately collect the geometric property information on the object. Those five categories will therefore be evaluated for the SUT.
In addition to being able to perform the characterization of a system, using GD&T vocabulary and associated tests will enable users to know how well these systems will be able to meet the needs of different applications because the values of all the tested parameters will provide tolerance limits that are associated with measurements generated by the SUT. 
Dimensional characteristics
To know the characteristics of a system related to its capability to provide accurate dimensional measurements, five tests need to be performed. These tests are the diameter error on a sphere, the sphere-spacing error, the unidirectional planespacing error, the bidirectional plane-spacing error and the angle error.
Diameter error
The diameter error E d is the difference between the measured diameter d m of a sphere and the calibrated diameter d c of that same sphere, given by the calibration certificate.
A steel sphere one half to one inch in diameter is used to perform this test (see Figure 2) , and the diameter error is calculated for each sphere in the NRC-PTC. A minimum of three spheres are scanned for this test. The spheres are positioned to ensure that, as much as possible, the entire measurement volume of the SUT is covered.
For each measured sphere, an ideal sphere minimizing the least-squares deviations is calculated from the original data points. The measured diameter used in (1) corresponds to the diameter of the calculated sphere, and is compared to the calibrated diameter recorded on the calibration certificate. The value of the diameter error chosen for the characterization is the largest value for all scanned spheres in all orientations (see Section 8).
Sphere-spacing error
The sphere-spacing error E SS is the difference between the measured distance l m,SS between two sphere centers and the calibrated length l c,SS of that same distance given by the calibration certificate.
Pairs of steel spheres one half to one inch in diameter are used to perform this test (see Figure 2) , and the sphere-spacing error is calculated for each combination of sphere pair in the NRC-PTC. A minimum of five lengths are measured and compared to the calibrated lengths. These lengths should, as much as possible, be positioned to cover the entire measurement volume of the SUT.
For each measured sphere, an ideal sphere minimizing the least-squares deviations is calculated from the original data points, using the calibrated diameter as a fixed parameter in the calculation. The distance between the sphere centers is measured and compared to the calibrated lengths recorded on the calibration certificate. The sphere-spacing error chosen for the characterization is the largest value of all scanned lengths from all orientations (see Section 8).
Unidirectional plane-spacing error
The unidirectional plane-spacing error E UPS is the difference between the measured distance l m.UPS between two planes with same normal and the calibrated length l c,UPS of that same distance given by the calibration certificate.
An assembly of steel gauge blocks of different lengths, mounted side by side on a reference plane is used to perform this test (see Figure 2) . The unidirectional plane-spacing error is calculated for each gauge block relatively to the reference plane. A minimum of five lengths are measured and compared to calibrated lengths. These lengths should, as much as possible, be positioned to cover the entire measurement volume of the SUT.
For each measured plane, an ideal plane minimizing the least-squares deviations is calculated from the original data points. Planes on the gauge blocks must be fitted parallel to the reference plane. Distances between the reference plane and the plane on each gauge block are compared to the calibrated lengths from the calibration certificate. The unidirectional plane-spacing error chosen for the characterization is the largest value of all scanned lengths from all orientations (see Section 8).
Bidirectional plane-spacing error
The bidirectional plane-spacing error E BPS is the difference between the measured distance l m,BPS between two planes with opposite normal and the calibrated length l c,BPS of that same distance given by the calibration certificate.
A 4-inch long steel gauge block is used for this test (see Figure 2) . Note that this test can only be performed by multiaxis 3-D imaging systems as defined in Section 2 because more than one DOF must be available to perform this test.
For both opposite planes of the gauge block, an ideal plane minimizing the least-squares deviations is calculated from the original data points. The plane fit is constrained such that the normal of both planes must be parallel. The distance measured between the two planes is compared to the calibrated length from the calibration certificate. The bidirectional plane-spacing error chosen for the characterization is the largest value of all scanned length from all orientations (see Section 8).
Angle error
The angle error E a is the difference between the measured angle a m from an orientated plane to a reference plane and the calibrated angle a c of that same angle given by calibration certificate. An assembly of steel angle blocks from 1° to 60°, mounted side by side on a reference plane is used to perform this test (see Figure 2) . The angle error will be calculated for each angle block relatively to the reference plane. A minimum of eight angles should be measured and compared to the calibrated angles.
For each measured plane, an ideal plane minimizing the least-squares deviations is calculated from the original data points and the angle is calculated between those planes and the reference plane. These angles are compared with calibrated angles from the calibration certificate. The angle error chosen for the characterization is the largest value of all scanned angle from all orientations (see Section 8).
Form characteristics
To know the characteristics of a system related to the capability to give accurate form measurements, two tests need to be performed. These tests are the flatness of a plane and the roundness of a sphere.
Flatness
The flatness deviation on a plane F is the difference between the maximum and the minimum of the orthogonal distances d max,F and d min,F from the measured points to an ideal plane minimizing the least-squares deviations fitted to the measured points.
Two artifacts are used to perform this test: an 8-inch long steel 4-ways parallels will be used with flatness measurements being obtained from the long portion of the axis of the measuring volume of the SUT, and an accurate optical flat will be used to calculate the flatness on a local portion of the measuring volume (see Figure 2 ). Both planes are scanned in six different positions: three standoff distances and three different angles.
For each measured plane, an ideal plane minimizing the least-squares deviations is calculated from the original data points. The difference between the maximum and the minimum orthogonal distances from the points to the fitted plane is computed as the flatness deviation. The flatness chosen for the characterization is the largest value of all scanned planes from all orientations (see Section 8).
Roundness
The roundness deviation on a sphere R is the difference between the maximum and the minimum of the radial distances r max,R and r min,R between the measured points and an ideal sphere minimizing the least-squares deviations fitted to the measured points. Steel spheres one half to one inch in diameter are used to perform this test (see Figure 2 ) and the roundness is calculated for each sphere in the NRC-PTC. A minimum of three spheres should be scanned for this test. The spheres should be positioned to cover as much as possible the whole measurement volume of the SUT.
For each measured sphere, an ideal sphere minimizing the least-squares deviations is calculated from the original data points. The sphere diameter must not be constrained in the calculation of the fitted spheres. The difference between the maximum and the minimum of the radial distances from the points to the fitted sphere is computed as the roundness deviation. The roundness chosen for the characterization is the largest value of all the scanned spheres from all the orientations (see section 8).
Orientation characteristics
To know the characteristics of a system related to the capability to give accurate orientation measurements from one feature to another, only one test needs to be performed. It is the angularity deviation. Here, we will analyze only the angularity that is one of the three elements of the orientation section presented in ASME Y14.5-2009 [11] , the other two being perpendicularity and parallelism. These three tolerances are evaluated the same way, perpendicularity being the particular case of an angle at 90°, and parallelism being the particular case of an angle at 0°. In our case, the angularity test is sufficient to characterize a system for the orientation characteristic. By extension, this test is very similar to the flatness test. The difference is that the flatness test is not compared to a reference while the angularity corresponds to a flatness deviation at an specific angle relative to a reference plane.
Angularity
The angularity deviation A is the difference between the maximum and the minimum of the orthogonal distances d max,A and d min,A from the measured points and an ideal plane minimizing the least-squares deviations fitted to the measured points but having his orientation fixed at the calibrated angle of that plane relative to the reference plane, given by the calibration certificate.
An assembly of steel angle blocks from 1° to 60°, mounted side by side on a reference plane is used to perform this test (see Figure 2) . The angularity deviation is calculated for each angle block. A minimum of eight angles should be measured.
For each measured plane, an ideal plane minimizing the least-squares deviations is calculated from the original data points, but with a fixed angle at the calibrated value given by the calibration certificate. The difference between the maximum and the minimum of the orthogonal distances from the points to the fitted plate is computed as the angularity deviation of the plane. The angularity chosen for the characterization is the largest value for all the scanned planes for only the orientations where the NRC-PTC is perpendicular to measuring axis (see Section 8, position 1, 2, 3 and 4).
Localization characteristics
To know the characteristics of a system related to the capability to give accurate localization measurements, three tests need to be performed. These tests are the sphere position error, the corner position error and the hole position error.
According to the ASME Y14.5-2009 [11] , there are two ways to represent the position of a feature. We may want to know the position of the surface of a feature or know the position of the resolved geometry (point, axis or plane) of the envelope. In our case, because the form aspect is treated separately in the form and profile section, we will use the position of the resolved geometry of the feature to be analyzed. Also, this standard provides the opportunity to apply different positioning bonuses depending on the dimension value of the positioned feature, which complicates the analysis. In our case, all the analysis will be made regardless of features size (RFS), which does not imply the dimensions of the features to verify because the dimensions are also treated separately. The RFS case also represents the most restrictive case of the positioning analysis because no bonus can be applied to the feature, ensuring that this represents the worst case scenario, giving us characterization value representing the limits of the system. The RFS case is also the easiest case to analyze.
Sphere position error
The sphere position error L sphere is the distance between the center of an ideal sphere (x m,sphere , y m,sphere , z m,sphere ) minimizing the least-squares deviations fitted on measured points and the calibrated position of that same sphere (x c,sphere , y c,sphere , z c,sphere ) given by the calibration certificate. A steel sphere one half to one inch in diameter is used to perform this test (see Figure 2 ) and the sphere position error is calculated for each sphere in the NRC-PTC. A minimum of three spheres should be scanned for this test. The spheres are positioned to cover as much as possible the entire measurement volume of the SUT.
For each measured sphere, an ideal sphere minimizing the least-squares deviations is calculated from the original data points with an unconstrained diameter. The center of the fitted sphere is calculated and compared to the calibrated position of that same sphere given by the calibration certificate. The sphere position error chosen for the characterization is the largest value of all the scanned spheres from all the orientations (see Section 8).
Corner position error
The corner position error L corner is the distance between a corner position (x m,corner , y m,corner , z m,corner ) generated by the intersection of three planes measured by the 3-D imaging system and the calibrated position of that same corner (x c,corner , y c,corner , z c,corner ) given by the calibration certificate.
The corner of a steel 123-block is used for this test (see Figure 2) , and the corner position error is calculated for each corner in the NRC-PTC.
For each measured corner, three ideal planes minimizing the least-squares deviations are calculated from the original data points. The position of the intersection of these three planes is calculated and compared to the reference position of that same corner given by the calibration certificate. The corner position error chosen for the characterization is the largest value for all scanned corners in all the orientations (see Section 8).
Hole position error
The hole position error L hole is the distance between a hole center position (x m,hole , y m,hole , z m,hole ) generated by the intersection of his axis and the plane on which is located the hole measured by the 3-D imaging system and the calibrated position of that same hole (x c,hole , y c,hole , z c,hole ) given by the calibration certificate. A predrilled steel 123-block is used for this test (see Figure 2) , and the hole position error is calculated for the hole in the target case. Note that this test may be impossible to do with static and single-axis systems as defined in Section 2, depending of the orientation of the target case. In that case, results are computed each time it will be possible to do so.
For the measured hole, an ideal plane and an ideal cylinder minimizing the least-squares deviations is calculated from the original data points. The position of the intersection of the axis of the cylinder and the plane is calculated and compared to the reference position of that same hole given by the calibration certificate. The hole position error chosen for the characterization is be the largest value of all scanned holes from all the orientation (see Section 8).
Profile characteristics
To know the characteristics of a system related to its capability to give accurate surface profile measurements, only one test needs to be performed. This test is the surface profile deviation on a freeform object. Note that this characteristic is closely related to the form characteristic; however, according to the ASME Y14.5-2009 [11] , this tolerance is more complete because it can control, at the same time, the form, dimension, localization and orientation of a feature. That is why we treat this metric separately.
Surface profile
The surface profile P is the difference between the maximum and the minimum of the orthogonal distances d max,P and d min,P from the measured points and an ideal surface minimizing the least-squares deviations fitted to the measured points.
A freeform aspheric condenser lens, depolished and cover with a coating is the artifact used for this test (see Figure 2 ). For the measured surface, an ideal surface minimizing the least-squares errors is calculated from the original data points. The ideal surface corresponds to a surface generated by a point cloud obtained by a reference measurement made by a CMM. The difference between the maximum and the minimum orthogonal distances from the measured points to the fitted surface is computed as the surface profile. The surface profile chosen for the characterization is the largest value of all scanned surface from all the orientations (see Section 8).
NRC PORTABLE TARGET CASE
The selection of the artifacts for the different tests is a function of the geometrical, optical and thermal properties of these artifacts. Indeed, the geometrical properties of the chosen artifacts must represent known features that make it possible to use GD&T-based tests. In addition, all artifacts must have a cooperative surface, which means it should approximate a Lambertian diffuser so does not produce specular reflections. To obtain this kind of surface, all metallic surfaces in the NRC-PTC are modified by a vapor blast process to obtain the proper optical properties. Glass artifacts are depolished and covered by a chrome coating known to give proper optical properties. Finally, these artifacts must have a low coefficient of thermal expansion to avoid any deviation caused by possible changes in temperature during the test process.
The artifacts are grouped on a composite plate having a low coefficient of thermal expansion. The artifacts used on the plate for the geometric properties are: steel balls, steel 123-block, steel gauge blocks, steel angle blocks, steel 4-ways parallels, depolished and coated optical flat and aspheric lens. All the tests to be performed for the characterization of the geometric properties are shown in the Figure 3 , and are presented in a GD&T representation. 
MEASUREMENT PROCEDURE
Before we execute each test presented in this paper, some precautions must be taken. First, the NRC-PTC and the SUT must be allowed to reach a thermal stability with respect to the atmospheric conditions where the tests will be done, ideally in a controlled temperature laboratory maintained at 20°C as stipulated by ISO 1 [13] . At least 12 hours should be allowed for thermal stabilization to complete. In the case where the tests may not be done at 20°C, the temperature of the tests should be noted as well as any thermal compensation that applies. Also, for each set of measurements, the portable target case and the SUT must be mounted properly to avoid any deformation or vibration that may affect the measurement process.
To be able to obtain each characterization parameter, the NRC-PTC should be measured in seven orientations. Depending on the SUT, these orientations may be obtained by positioning either the system or the plate, using the configuration that is the easiest to achieve and provides the most stability. The seven orientations used for testing at NRC are presented in Figure 4 . There are three positions along the longest axis of the measuring volume at three different standoff distances defined as the minimum (1), median (2) and maximum (3) distance. Another position is on the axis perpendicular to the first axis at a median standoff distance (4). The plate is also orientated on two of the body diagonals of the measuring volume (5 and 6). Finally, it is orientated 30° from position number 2 (7). With respect to the characterization parameters related to the procedure, each scan should be taken three times under the same conditions and by the same user to obtain the measurement repeatability of the system. Also, all the tests for a characterization should be performed three times on three different days to obtain the intermediate measurement precision.
PARAMETER CALCULATIONS
To calculate each of the parameters presented in this paper, precautions must be taken to ensure that the calculations are always performed the same way no matter which system is used and no matter who is doing the computation. Algorithms are being developed by the NRC-VIT research group to perform the characterization based on the parameters detailed in this paper.
Without detailing all the algorithms, we should mention few important details that should be taken into account when fitting any feature using the least-squares method. When doing the selection of the points, points on peripheral portion of a sphere or along edges of a plane are excluded from computation to avoid errors because of aberrant points in the boundary portion of the point cloud. After this first exclusion, a maximum of 3 points over 1000 may be removed without any justification to eliminate outliers in the point cloud, as recommended in the VDI/VDE 2634 Part 2 [17] . If any other points are voluntarily removed from the point cloud, this decision must be documented to make sure that they are excluded with a valid reason to avoid providing an advantage to the SUT. Additional details on the calculation of parameters are presented by MacKinnon et al. [10] .
FUTURE WORK
The NRC-PTC represents a much larger work than what has been presented in this paper. The remaining characterization parameters, which relate to mathematic model fidelity in fitting calculation, EFOR properties, optical properties and resolution properties, will be presented in a future paper. The NRC-PTC will also be subject to an intercomparison protocol in the coming year. This will validate the use of the target case for characterization and also will allow people to get characterization values for systems that will be part of this study. Tests will also be performed to extend the measured distance from 3m to 5m in order to make the target case more versatile. Finally, the geometric properties tests presented here will be adapted to make the characterization tests compatible with ISO standards for GD&T.
CONCLUSION
We presented the NRC portable target case for short-range triangulation-based 3-D imaging systems characterization. Presented tests make it possible to know the capability of 3-D imaging systems to obtain geometric properties on calibrated artifacts. Geometric properties tests are described in this paper using terminology taken from the ASME Y14.5-2009 [11] for GD&T.
The GD&T-related terminology is applied to 3-D imaging systems characterization to simplify the characterization for users from industrial field who already know this terminology and will make system characterization easily applicable to real case application of 3-D imaging systems. The characteristic values obtained directly represent a physical metric that can be associated directly to what users want to scan and inspect. Choosing a system for a specific application becomes also more intuitive.
The tests presented here are proposed as the basis of the "Best Practice" for short-range triangulation-based 3-D imaging systems characterization used here at NRC and opens the way to national and international standard methods for the characterization of 3-D imaging systems.
